Abstract: This review will outline what is known about the origins and evolution of type 2 cytokines and their receptors in vertebrates. It takes advantage of the recent advances made in gene identification from the many vertebrate genomes that have now been sequenced. It will also describe what functional studies have been performed to date, giving clues to the role of these molecules and signalling pathways in non-mammalian vertebrates.
Introduction
Interleukin (IL)-4 and IL-13 are canonical type 2 cytokines, that play overlapping but distinct roles in mammalian immune responses to extracellular parasites, via production of high affinity IgE, the generation of alternatively activated macrophages and the differentiation of Th2 cells [1] . Whilst their amino acid (aa) identity is low (~23%) they can bind to a common receptor composed of the IL-4R and IL-13R1 subunits (type II receptor), although they can individually bind to the type I receptor composed of the IL-4Rα and C (CD132) subunits (IL-4), or to the IL-13R2 receptor (IL-13). IL-4 and IL-13 are found side by side in the mammalian genome, suggesting they arose from a tandem duplication event at some point in vertebrate evolution. In this review we will examine the evidence for the presence of these cytokines and receptors in other vertebrate groups, with a focus on the Gnathostomes (jawed vertebrates) in which RAG-mediated adaptive immunity arose.
IL-4, IL-13 and IL-4/13 molecules
With the relatively low homology seen between IL-4 and IL-13 within mammals (eg 42% -57% aa identity for IL-4 and 53% -64% aa identity for IL-13), it is not surprising that it has been difficult to find these genes or their homologues in other vertebrate groups. In essence it became possible to search the IL-4 locus in detail once genomes became available, taking advantage of the presence of genes such as KIF3A and RAD50, that are on either side of IL-4 and IL-13 in mammals, that are relatively well conserved between different vertebrate groups few studies have also used cloned IL-4 in an expression plasmid to examine IL-4 function.
Chicks from eggs injected with IL-4 containing plasmids were found to have enhanced anticoccidia immune responses [12] and had larger caecal tonsils, increased numbers of CD8+ cells in the caecal tonsils and a higher CCR9 mRNA level in caecal tonsils compared to control chicks [10] . Lastly, co-administration of IL-4 to chickens in a plasmid vector (pVIVO2) also containing two genes of Newcastle disease virus as a DNA vaccine (injected intramuscularly on three occasions), led to higher levels of IgY and higher protection (40% vs 10%) compared to the DNA vaccine without IL-4 [13] , suggesting it may have value as a molecular adjuvant.
In 2007 a gene with relatedness to IL-4 and IL-13 was discovered in the pufferfish (Tetraodon nigroviridis) genome by Li et al. [14] . This gene was next to RAD50 and was initially reported to be an IL-4 like gene, but the very low homology (11-16% aa identity) made it difficult to be sure of its true identity, although clearly a gene related to type 2 cytokines. A second IL-4 like gene was also discovered in zebrafish Danio rerio at a different locus [15] , next to KIF3A. Subsequent analysis of these two loci has revealed they likely arose as a consequence of the third round (3R -1R and 2R occurred at the base of the vertebrate lineage) whole genome duplication (WGD) event that happened in the teleost fish ancestor [16] , and it was proposed to call these two genes IL-4/13A and IL-4/13B [17] .
Within individual 3R teleost species the number of IL-4/13 genes can be increased by local duplication events, as seen with medaka Oryzias latipes IL-4/13A [17] and in seabass Dicentrarchus labrax (unpublished). In addition, due to a fourth (4R) WGD in some teleost lineages there can be further duplication of the loci, giving additional copies as seen in salmonids that have two copies of IL-4/13B (unpublished). More recently the genomes of several 2R bony fish have been sequenced, and in species such as the spotted gar Lepisosteus oculatus it is apparent that a single IL-4/13 gene exists between KIF3A and RAD50 (Fig. 1) .
Most recently the elephant shark Callorhinchus milii genome has been sequenced and is the first cartilaginous fish genome to be analysed [18] . Whilst initial analysis of the type 2 cytokine locus could not find any apparent homologs, subsequent analysis revealed the presence of at least two IL-4/13 genes between KIF3A and RAD50 [19, 20] . Two further genes in the C. milii genome described as IL-5 like (IL-5A and IL-5B) were also reported by Dijkstra [19] immediately upstream of the IL-4/13 locus. However, this has been contested [21] and the jury is still out as to their origin and function. Analysis of an amphibian genome (the frog Xenopus tropicalis, genomic scaffold_3) revealed a well conserved synteny at the KIF3A/RAD50 locus between frog and spotted gar with an IL-4/13 gene linked to KIF3A and potentially another IL-4/13 gene linked to RAD50, although this needs to be confirmed by cloning and functional studies (Fig. 1) . Whilst there was a flip-over of both KIF3A and RAD50 related genes on the chromosome, the transcriptional directions of the frog IL-4/13 genes relative to KIF3A or RAD50 are the same as seen in other vertebrates. Taken overall, it seems likely that a single IL-4/IL-13 gene existed in ancestral Gnathostomes, which has been duplicated in different lineages by WGD and/or tandem duplication events.
Multiple alignment of the aa sequences of selected IL-4, IL-13 and IL-4/13 proteins reveals that in general four cysteine residues are present in each protein but the patterns of the cysteine residues are lineage-specific, ie mammalian IL-4 and IL-13, teleost fish IL-4/13, and other vertebrate IL-4/13 ( Fig. 2) . Two cysteine residues (C3 and C9, Fig. 2 ) distinguish the bony fish (including the 2R spotted gar ) IL-4/13 molecules from IL-4 and IL-13 ( Fig. 2) , as reported previously [17] , and the IL-4/13 molecules from other vertebrates presented here.
Few studies have looked at the function of these fish IL-4/13 molecules. In zebrafish injection of fish with rIL-4/13A results in higher numbers of peripheral blood leucocytes (PBL) that express the IgZ-2 isoform [22] after two days, or DC-SIGN after 5 days [23] . rIL-4 administration into zebrafish for three days also increased IgM + B cell number in PBL (from ~11% in PBS injected fish to ~35% in fish given 1 g rIL-4/13A) and the transcript expression of mIgM, MHC class II and CD80 in these cells [24] . In addition, three injections of rIL-4, spaced 12 h apart, prior to immunisation with keyhole limpet hemocyanin (KLH) gave higher serum antibody titres (at day 28) compared to fish given KLH alone, with higher titres seen using 1 g vs 0.1 or 0.01 g rIL-4 [24] . High constitutive expression of IL-4/13A
has been found in trout mucosal tissues (gill, skin), suggesting an important role at these sites [25] . Expression was mainly found in IgM -cells when lymphoid cells from the gill were isolated by FACS using a monoclonal antibody (mAb) to trout IgM. In experiments carried out in vitro with unfractionated head kidney primary cell cultures, it was shown that IL-4/13A was up-regulated by PHA 24 h post-stimulation. These cultures contain lymphoid cells, macrophages and granulocytes. In addition, IL-4/13A has been found to be upregulated in rainbow trout epidermis 9 days post-infection with Ichthyobodo necator compared with uninfected fish, and this was associated with up-regulation of GATA3 but not T-bet or FOXP3 [26] . Interestingly, a cell line (KoThL5) that expresses IL-4/13B has been established from carp Cyprinus carpio [27] . These cells also express TcR chains, and CD4-1, the four Ig domain containing CD4-like molecule present in fish [28] , and thus have a phenotype similar to Th2 cells.
IL-4 and IL-13 receptors
As outlined above, there are four receptor chains, namely IL-4R, IL-13R1, IL-13R2 and C, that form three types of receptors for IL-4 and IL-13 in mammals. The C is also a subunit of the receptors for IL-2, IL-7, IL-9, IL-15 and IL-21 [29] . As with the ligands, it has become clear that these receptor chains exist throughout the jawed vertebrates (Fig. 3) .
γC was one of the first cytokine receptor chains to be found outwith mammals, in both fish (trout) and birds (chickens). In chickens the gene organisation was very similar to that in mammals, with an 8 exon/ 7 intron structure, although intron 1 was relatively large in the chicken gene and the other introns relatively small [30] . It was also discovered that an show no change [32] . Thus the balance between the different γC expressing lymphoid populations may determine the outcome of infection. γC has also been cloned in other bird species more recently, including duck Anas platyrhynchos and Japanese quail Coturnix japonica [33, 34] , and it appears that alternative splicing to retain intron 5 is a common feature in birds. However, in ducks the insertion of intron 5 led to a frameshift that altered the hydrophobic profile of the downstream transmembrane domain (encoded in exon 6), with the potential to make a soluble form of γC in this species. Whilst the transcripts were again most apparent in lymphoid tissues of duck and quail, γC-a was the major transcript in both species.
In fish γC was first identified in rainbow trout [35] , where it was shown to be highly expressed in tissues such as blood, spleen, gill and kidney. In trout macrophage cultures (primary cells and/or RTS-11 cells) it was shown that γC expression could be up-regulated by stimulation with trout rIL-1β and LPS. Subsequent analysis of the zebrafish genome has revealed that two genes for γC are present [36] , and this appears to be a common phenomenon in fish ( Fig. 3 ) with two γC genes now known to be also present in trout, tilapia, gar and elephant shark [18, 37] . Whilst the two γCs in elephant shark, spotted gar and tilapia are linked at the same chromosome, zebrafish γCs are on different chromosomes (ch 10 and 14). In trout the two genes (γC1 and γC2) have 89% aa identity, whilst in zebrafish they have 28% aa identity, and this hints that the mechanisms giving rise to the increased gene number are likely different in different species/fish groups. Comparative expression analysis of trout γC1 and γC2 showed that in general γC1 had a higher expression level, and that both genes were most highly expressed in thymus and spleen. γC was also relatively highly expressed in RTS-11 cells (compared to other trout cell lines) and a small increase in γC1 expression was seen in these cells after LPS or poly I:C stimulation [37] .
The IL-4Rα has also been identified in birds and fish [36, 38, 39] . Analysis of the chicken and zebrafinch Taeniopygia guttata genomes for elevated allelic diversity revealed that the IL-4Rα gene had an enhanced rate of nonsynonymous substitutions [40] . After sequencing of the gene in 6 related bird species, 70 global village chickens and 20 commercial broilers, it was concluded that there are a number of sites which are under positive selection. Since aa substitutions in the human IL-4Rα can affect disease susceptibility [41] , this phenomenon in chickens may reflect selection of specific variants in response to pathogen challenge. In trout, as with γC, two paralogues of IL-4Rα (IL-4Rα1 and IL-4Rα2) are found that share ~85% aa identity. Whilst the trout aa sequence generally shows conservation of the known IL-4Rα domain structure, the WSXWS motif in domain 2 is missing and the intracellular domain is relatively short, lacking the box 2 motif and two (Y3 and Y5) of five conserved tyrosine residues in the mammalian sequences [39] . In addition, an ITIM motif in mammalian IL-4Rα
molecules is only present in trout IL-4Rα2. In general IL-4Rα2 was more highly expressed than IL-4Rα1, in a wide range of tissues, and in RTS-11 cells. Both genes could be upregulated in RTS-11 cells by poly I:C, LPS and trout rIFNγ, with IL-4Rα2 being more responsive. In head kidney primary leucocyte cultures rIFN-γ could also induce expression of IL-4Rα2 but not IL-4Rα1, whilst PHA could induce both genes. However, these genes were refractory to stimulation by LPS or poly I:C in the primary cultures.
In zebrafish IL-4Rα exists as two isoforms located ~ 36 kb apart on chromosome 3 [24] .
They differ in that one of the isoforms (DrIL-4Rα-iso) has an early stop codon in the last exon (exon 11) that prevents the translation of the last 203 aa of the intracellular tail. In addition, with both genes an alternatively spliced variant can be produced by retaining IL-13Rα1 and IL-13Rα2 are less well studied but also present throughout the jawed vertebrates [18, 36, 39] (Fig. 3) . In chickens IL-13Rα2 has 37% -39% aa identity to mammalian genes, and is highly expressed in liver, gonads and brain [42] . [43, 44] .
In fish the IL-13Rα2 gene was first discovered in trout [45] , with 31% aa identity to human IL-13Rα2, and high constitutive expression was seen in gill, spleen and head kidney.
Subsequent studies revealed that two genes of both IL-13Rα1 and IL-13Rα2 are present in this species [39] . Both paralogues of IL-13Rα2 are similar (79% aa identity) but IL-13Rα1b lacks the N-terminal S-type Ig domain (D1) and so the identity is lower (34%) to IL-13Rα1a. (IL-4Rα, IL-13Rα1, IL-13Rα2, γC). The tree was constructed using an amino acid multiple alignment and the NJ method within the MEGA6 program [46] . The evolutionary history was inferred by using the method based on the JTT matrix-based model using pair-wise deletion option. The percentage of trees in which the associated taxa clustered together is shown next to the branches based on 10,000 bootstrap replications. The accession number for each sequence is given after the common species name and molecular type. 
Since the S-type

